Corresponding editor: Pia Moisander Dimethylsulfide (DMS) is an important component of the global sulfur cycle and a source of carbon and sulfur in marine ecosystems. However, cellular concentrations of DMS (DMS c ) have never been quantified, despite being essential to evaluating its physiological functions. Herein, we used NMR to determine the permeability for DMS across the cell membrane in Thalassiosira pseudonana. The experimentally determined permeability of DMS (2.18 + 0.27 cm s 21 at 300 K fell within the predicted permeability range for DMS (0.21 -11.8 cm s 21 ) based on its octanol -water partition coefficient (18.6 + 1.1). Permeability was used with DMS fluxes to determine DMS c in three marine algal species. DMS c concentrations were ,1 nmol [L cell volume ]
I N T RO D U C T I O N
Dimethylsulfide (DMS) is an important biogenic trace gas to both the global sulfur cycle and to the local ecosystem. At the global level, DMS is responsible for 50% of the total sulfur flux into the atmosphere annually (Malin, 1996) . DMS is also potentially an important source of aerosols in the troposphere and has been implicated in climate regulation through negative feedback cycles (Charlson et al., 1987; Bopp et al., 2004) , although the strength of this relationship is questionable (Quinn and Bates, 2011) . On the ecosystem level, DMS and its biogenic precursor, dimethylsulfoniopropionate (DMSP), are important sources of both carbon and sulfur to the microbial community (Kiene et al., 2000; Simó et al., 2002) . Despite the key roles DMS and related organosulfur compounds play in the environment, fundamental questions remain unanswered.
Eukaryotic algae such as prymnesiophytes and dinoflagellates contain large quantities of DMSP (.100 mmol [L cell volume ] 
21
) (Keller et al., 1989) , and are known to produce DMS via enzymatic lysis (Steinke et al., 1996) . However, the physiological roles of DMS in marine algae are uncertain. DMS has been proposed to serve as an antioxidant (Sunda et al., 2002) , a predation defense molecule (Wolfe et al., 1997) , as a mechanism for removing excess carbon and sulfur (Stefels, 2000) and as a signaling molecule (Seymour et al., 2010; Savoca and Nevitt, 2014) . Some of these proposed functions rely on transfer of DMS into the dissolved phase, and so it is important to understand transport kinetics across the cell membrane.
Permeability, P m , the speed to transfer across a membrane, has been extensively studied, particularly in the case of drugs and weak electrolytes (Stein, 1986; Walter and Gutknecht, 1986; Xiang and Anderson, 1994) . Permeability is directly related to polarity, with less polar compounds exhibiting a higher permeability, known as Overton's rule (Missner and Pohl, 2009) . Further refinement on describing permeability may arise from inclusion of molecular size terms and selection of different solvents to approximate the cell membrane. Several methods have been used to measure P m , including, among others, the use of artificial lipid membranes (Walter and Gutknecht, 1986; Xiang and Anderson, 1994) , molecular dynamics calculations (Notman et al., 2006; Lin et al., 2011; Malajczuk et al., 2013) and nuclear magnetic resonance (NMR) spectroscopy (Alger and Prestegard, 1979; Xiang and Andersen, 1995; Males and Herring, 1999) . NMR spectroscopy is able to distinguish different chemical environments within the same sample provided that a non-membrane-permeable paramagnetic reagent such as the Eu 3þ ion is added to the dissolved phase. In this way, the solute that is inside a cell or vesicle exhibits a different chemical shift than that on the outside. From the width of the spectral lines, the exchange rate constant can be calculated (Males et al., 1998) . Further, by varying temperature, the thermodynamics of the transition state can be determined.
It is assumed that the efflux of DMS from the cell will depend on the concentration difference across the membrane. Through determination of this flux and P m by NMR, the cellular concentration of DMS (DMS c ) can be determined for marine algae by an inverse calculation, and this will have a direct bearing on potential physiological functions of DMS. The relative importance of a proposed physiological function for DMS, while dependent on several properties, is largely driven by DMS c . Indirect measurements have not been conducted, and direct measurements are likely not possible owing to the volatility of DMS, and the likelihood that a direct DMS c measurement will almost certainly alter its cellular concentration.
Here we quantified for the first time the permeability of DMS through an algal cell membrane employing NMR spectroscopy, and from those measurements along with determination of DMS fluxes, indirectly quantified DMS c in several marine algae. On the basis of our findings, we evaluated several physiological functions for DMS in marine algae.
M E T H O D Chemicals
Cobalt (II) chloride (anhydrous) and europium chloride hexahydrate (99.9%) were purchased from Rare Earth Products. Cerium (III) nitrate and praseodyumium (III) trifluoromethanesulfonate (98%) were purchased from GFS Chemicals. Copper (II) chloride (certified grade) was obtained from Fisher. Nickel (II) nitrate (99%) was purchased from Acros and manganese (II) chloride was obtained from MCB. Terbium (III) chloride (99.9%) was purchased from Aldrich. All solutions were prepared using Milli Q water (18.2 MV cm) that was obtained from a Millipore Advantage A10 ultra-high purity water system. An NMR shift reagent containing one of the aforementioned paramagnetic metal salts (e.g. CoCl 2 , EuCl 3 , etc.) was prepared by adding the corresponding metal salt to Milli Q water to a final concentration of 0.2 M.
Cell culturing
Three species of marine algae including two diatoms, Thalassiosira pseudonana NCMA 1335 and Thalassiosira oceanica NCMA 1005, and a prymnesiophyte, Isochrysis galbana NCMA 1323, were selected as model organisms for this study. Axenic cultures of these marine algae were obtained from the National Center for Marine Algae and Microbiota. Even though they are not the primary DMSP producers in oceanic waters, these algal species were studied here because they exhibited unicellular growth, they all produced DMSP but lacked detectable DMSP lyase (Harada, 2007) and they grew well when cultures were gently bubbled with air; bubbling cultures can potentially cause shear stress (Wolfe, 2000) . This does not appear to affect diatom growth or that of I. galbana but has been shown to have adverse effects on high-DMSP producers including some prymnesiophytes and dinoflagellates (Wolfe et al., 2002) . These properties were ideal for determination of the DMS flux into the dissolved phase, J, as discussed in the ensuing sections. All marine algae were cultured in autoclaved 0.2-mm-filtered Sargasso Sea water enriched with f/2 nutrients (Guillard and Ryther, 1962) . Thalassiosira pseudonana and T. oceanica cultures were supplemented with 0.1 mM silicate. Unless otherwise noted, marine cultures were grown as batch cultures in polycarbonate flasks that were incubated under 120 mmol m 22 s 21 lighting on a 14:10 h day:night cycle at 23.0 + 0.18C.
In addition to these marine species, the freshwater species, Chlorella vulgaris (Chlorophyceae), was selected for study to determine the variability in the permeability for DMS, and because this species does not contain DMSP. An axenic batch culture of C. vulgaris (strain 265) was obtained from the University of Texas (UTEX) Culture Collection of Algae. This culture was grown mixotrophically in a proteose peptone medium augmented with 0.5% wt. glucose (Burrell et al., 1984) under the same conditions as T. pseudonana. NMR samples were prepared identically to those of T. pseudonana for NMR analysis, except that ultrapure water was used in place of artificial seawater for C. vulgaris.
For all cultures, the cell volume was measured in triplicate using a Beckman Coulter Z2 particle counter, and surface area and equivalent spherical diameter were derived from cell-volume measurements. No correction was made for non-spherical cells, but the effect of underestimation of cell volume (Montagnes et al., 1994) would lead to a larger intracellular DMS lifetime and subsequently a lower value for P (vide infra). Error in the cell volume, however, was 10% of the mean, and is not expected to be a significant relative to error in linewidth. Axenicity for cultures was verified by fluorescence microscopy and fluorescent staining according to published techniques (Porter and Feig, 1980; Agustí and Sánchez, 2002) . The relative abundance of dead cells was 5% as identified by fluorescence microscopy and fluorescein diacetate staining.
Determination of P m by NMR
NMR was employed to determine the cell permeability of DMS in T. pseudonana. In order to determine P m , the width of the spectral peak for DMS was determined when DMS exchanged across the membrane. It should be noted that this technique cannot distinguish among the various intracellular compartments, and so diffusion into organelles etc., was not considered in this study. In order to measure the exchange of DMS between cellular and dissolved environments, a membrane impermeable paramagnetic salt was used to induce a different magnetic environment outside of T. pseudonana cells, and thus a different chemical shift for dissolved DMS. The linewidth (Dn, Hz) of the NMR peak corresponding to dissolved DMS was then used to calculate the lifetime of DMS inside the cell (t, s) according to Equation (1) (Anet and Basus, 1978) :
where p is the fractional population in the less abundant state (i.e. inside the cell) and Dv is the difference in chemical shift between the two states (Hz). The fractional population, p ( ¼ n c /n T ), can be determined from the relative volumes of the two compartments, cellular (V c , derived from the Coulter counter measurements) and external (V o ) in the culture medium, assuming that the concentration of DMS in each compartment (C c and C o , respectively) is the same at equilibrium and that the vast majority of DMS is present outside of the cell
where n c , n o and n T are the moles of DMS inside the cell, outside the cell and total, respectively. From the lifetime calculated for DMS according to Equation (1) , the membrane permeability (P m , cm s 21 ) was calculated using the cell diameter (d, cm) and the membrane thickness (t, cm) according to Equation (3) (Males et al., 1998) :
The cell diameter is typically corrected for the thickness of the membrane ( 4 nm), but because of the size of T. pseudonana cells (d ¼ 3-4 mm), the correction for the membrane thickness was only 0.3% and as such was dropped from Equation (3).
The membrane permeability is one component of the total permeability, P, of a molecule; P is comprised of a number of components including the permeability through the unmixed layers on either side of the membrane and the cell wall (Fig. 1) . The P m values reported here based on NMR will include all contributions from the membrane and possibly the cell wall and intracellular space and, depending on the magnitude of each term in the permeability equation [Supplementary Data, Equation (S1)], it is possible that P for DMS may not be controlled by its permeability through the membrane (Supplementary Data), as argued in the discussion.
Culture samples for NMR spectroscopy contained 500 mL of cell culture in mid to late exponential phase ( 10 5 -10 6 cells mL
21
), 100 mL 0.2 M NMR shift reagent, 380 mL artificial seawater (Parsons, 1984) and 2 drops of neat DMS ( 30 mg DMS). These were combined in a microcentrifuge tube and transferred to a 5-mm o.d. NMR tube. An internal chemical shift standard, hexamethylphosphoramide (HMPA) in D 2 O, was placed in a coaxial insert and included with each sample. Reference samples for chemical shift change (Dv) determinations were prepared in a similar manner, without the addition of cells or without both cells and metals. Proton NMR spectra (16 scans with a 908 pulse width and an 8013-Hz sweep width) were collected using a Bruker Ascend 400 MHz NMR spectrometer ( 1 H frequency ¼ 400.13 MHz). Raw free-induction decays were processed using Bruker TopSpin software. NMR temperatures were calibrated using the difference in shift between HMPA and deuterated water (HDO) in the internal standard, and this was calibrated against methanol in separate samples (Raiford et al., 1979) .
Determination of DMS c
Axenic batch cultures of T. oceanica, T. pseudonana and I. galbana were used to quantify the DMS flux into the dissolved phase that allowed for determination of DMS c . The cell-normalized flux of DMS into the dissolved phase (J, mol cell 21 s 21 ) will depend on the concentration difference between DMS c and dissolved DMS d (mol m
23
) and the surface area of the cell, (A, m 2 cell 21 ) according to Equation (4) (Missner and Pohl, 2009 ):
The permeability term, P, used in this equation is not specified since it will depend on which component of the overall permeability controls the efflux of DMS from the cell. If the cell membrane controls the flux, then P m will be used, and if the phycosphere controls the flux then its permeability, P d , will be used. The permeability through the cell wall and extracellular space, P w and P s , Fig. 1 . Schematic of membrane diffusion. J is the flux of DMS out of the cell. Solid lines denote the cell membrane and wall, the dashed lines denote the extent of the thin layers (x c , x m , x s , x w and x d for the thickness of the unmixed cytosolic layer, the membrane, the extracellular space, the cell wall, and the phycosphere, respectively) and the dotted lines denote concentrations. Note that concentrations and distances are not to scale.
respectively, are considered passive interfaces that do not significantly affect the efflux of a small polar molecule from the cell, since the thickness of the cell wall and extracellular space (x w and x s ) are small compared with the phycosphere (x d ). To determine the concentration difference and therefore DMS c , cultures were bubbled with activated-charcoal filtered air for several days to maintain low ( 1 nM DMS d concentrations). Once bubbling was stopped, DMS d concentrations were determined as a function of time in algal cultures by direct removal of unfiltered culture samples using a 3-mL polypropylene syringe attached to a three-way stopcock in the lid of the flask, with a sterile Teflon tube extending into the culture (Supplementary Data, Fig. S1 ). The syringe was flushed with culture before each sample was collected. Samples were gently passed through a precombusted 25-mm diameter A/E glass fiber filter (0.7-mm nominal pore size) contained within a 25-mm diameter Gelman polypropylene filter holder. The filtrate was injected directly into a sealed 14-mL crimp-top serum vial and analyzed for DMS by purge and trap gas chromatography with flame photometric detection as described in Spiese et al. (Spiese et al., 2009) . Aliquots for cell counts were sampled aseptically directly from the culture just prior to the first DMS d sampling. Each culture was measured two to three times and errors inherent in the linear fits were propagated throughout the calculation of DMS c .
Octanol-water partition coefficient
The 1-octanol -water partition coefficient (K OW ) was determined for DMS in order to estimate P m for DMS employing two empirically derived structure-activity models. Model-estimated values of P m were then compared with the experimentally determined value of P m for DMS in T. pseudonana. K OW was selected over other immiscible solvents due to its commonality among many studies of polarity, and because it is an explicit term in many permeation models. For DMS, K OW was determined by adding a 50-mL aliquot of an 8.81-mM DMS standard in water-saturated 1-octanol into a 10-mL crimp-top serum vial containing 5-mL water-saturated 1-octanol and sufficient 1-octanol-saturated water to eliminate the headspace (4.57 -5.16 mL). The K OW was determined in five separate serum vials. The volume of water added was determined by mass difference upon addition of 1-octanol-saturated water. The DMS standard was injected by syringe and the vial immediately sealed with a Teflon-faced butyl rubber septum. The final concentration of DMS in serum vials was 88 nM. The mass of 1-octanol-saturated water added was recorded and used to calculate its volume. The 1-octanolsaturated water was .99.9 mol % H 2 O at equilibrium (Sangster, 1989) . Therefore, the density of the aqueous layer was assumed to be that of pure water at 258C (1.0 g mL
21
). Vials were inverted once and then equilibrated overnight in a 258C water bath. A 50-mL sample of the organic phase was removed via a syringe and a 1.0-mL sample of the aqueous phase removed while the volume was simultaneously replaced by 1.0-mL watersaturated 1-octanol. Samples were injected into separate sealed 10-mL serum vials and analyzed for DMS (Spiese et al., 2009) . Separate standard curves were generated in water-saturated 1-octanol and in 1-octanol-saturated water to quantify the DMS concentration in each phase. The partition coefficient was determined by:
where [DMS o ] and [DMS aq ] are the concentrations of DMS in the organic and aqueous phases, respectively.
R E S U LT S NMR spectroscopy and permeability
In the absence of added paramagnetic metals, DMS in an aqueous DMS standard or in a culture of T. pseudonana cells exhibited a single NMR peak corresponding to the methyl protons at 2.048 ppm referenced to HMPA (d 2.5495 ppm, Table I ). Upon addition of metal ions to a DMS standard without cells present, one methyl peak was observed but it was shifted downfield (Dv) by 0.18-3.1 ppm (71.78 -1250 Hz, Table I ) relative to the DMS standard or T. pseudonana culture sample with no added metal. As an example showing this NMR shift, results for an aqueous DMS standard are shown in Fig. 2 , with and without the addition of Ce þ3 as the shift reagent. When measured in samples containing cells of T. pseudonana and the shift metal, a single peak was observed, corresponding to the methyl protons from DMS d that were shifted All metals were present at 0.02 M. Shifts were calibrated using HMPA d 2.5495 ppm.
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downfield due to the presence of the metal ion (Fig. 2) .
The appearance of only a single peak was due to the very low abundance of DMS c relative to DMS d as a result of the low volume entrapped within cells. Linewidths ranged from 2.3 to 21.8 Hz depending on the metal used and whether cells were present or not (e.g. Fig. 2 
inset for Ce þ3
). The observed chemical shifts in T. pseudonana cultures were nearly identical to DMS standards without cells, indicating a highly biased population and a low fraction of DMS molecules present in the cells relative to that present in the dissolved phase. The lifetime for intracellular DMS (t) was relatively consistent across the range of shifts, varying from 19.0 to 41.9 ms (mean of 26 + 8 ms, n ¼ 20, Fig. 3A) , giving a corresponding first-order rate constant for exchange of DMS across the cell membrane of 3.8 + 1.2 Â 10 4 s
21
. This rate constant suggests that exchange is rapid and an equilibrium is quickly established, a finding supported by computational models of membrane exchange (Males et al., 1998) . Rapidly establishing an equilibrium for DMS between the cellular and dissolved phases is a requirement for the determination of P m for DMS by NMR, as discussed in the next section. Fitting the rate constant to the Arrhenius equation showed a very small temperature dependence for the exchange rate constant, corresponding to an activation barrier (E a ) of 1.3 + 0.2 kJ mol 21 (Fig. 4) .
Copper showed an anomalously high lifetime compared with the other metals. We speculate that this is due to a high affinity between DMS and Cu 2þ . Copper(II) is expected to have up to 1000-fold higher affinity for DMS than the other metals used, based on the data presented in Hancock and Martell (Hancock and Martell, 1989) , suggesting that the anomalous lifetime is due to this binding. Removing Cu 2þ from the dataset results in a mean lifetime of 23 + 3 ms, which will be used for all subsequent calculations and discussion.
From the lifetime observed by NMR (t ¼ 23 + 3 ms) and the measured cell diameter for T. pseudonana of 3 -4 mm, the calculated P m is 2.18 + 0.27 cm s 21 for DMS at 300 K (Fig. 3B) . No significant concentration dependence was observed for P m over the range 0.02 -0.5 M. In cells in mid-exponential phase ( 10 5 cells mL 21 ), P m was found to be 2.14 cm s 21 , which was not significantly different from cells in late exponential or early stationary phase (P ¼ 0.59), indicating that any cells with compromised membranes (Franklin et al., 2012) do not appreciably affect determination of P m . A priori calculation of P m based on x m , the cell membrane thickness (7 nm) (Korn, 1966) , and an estimate of D m , the membrane diffusion coefficient (5 Â 10 26 cm 2 s
, approximately half that of D in water), using Supplementary Data, Equation (S1) yields an estimate of 7.4 cm s 21 , indicating that our experimentally determined value is not unreasonably high for DMS.
DMS equilibration modeling
The use of NMR spectroscopy in our application requires that DMS is in equilibrium across the membrane so that both DMS d and DMS c contribute to the observed NMR signal. To determine that equilibrium was achieved rapidly, the rate constant for exchange of DMS was determined experimentally (vide supra) and modeled and (c) DMS without added shift reagent. All spectra were collected at 300 K without the addition of algal cells, and the Ce 3þ spectrum offset vertically for clarity. (inset) NMR spectra of DMS without cells (solid line) and exchanging across Thalassiosira pseudonana cell membranes (dashed line). Peaks are aligned to their individual maximum (centered at 0 Hz) and Ce 3þ was used as the shift reagent. In both cases, the concentration of DMS was 0.5 M. For DMS alone, the linewidth (at half-max) was 1.58 Hz; for DMS with Ce 3þ , the linewidth is 2.47 Hz.
here. Applying the equations detailed by Males et al. (Males et al., 1998) , with the permeability we determined for T. pseudonana, equilibrium conditions were established within 5 s of the introduction of exogenous DMS (Fig. 5) . The fractional population of DMS inside the cell calculated from this model (3.6 Â 10
24
) is similar to that found in experimental cultures from the ratio of the total volume of cells (V c ) to the volume of media in the NMR tube (V o ), 3.14 + 0.09 Â 10
. It should be noted that this model is relatively insensitive to the initial concentration of DMS, with a change of some eight orders of magnitude in DMS in the model only shifting the equilibration time by 3 s. Similarly, setting P m to an order of magnitude lower than the lowest predicted value of 0.21 cm s 21 determined for DMS using the permeability model developed by Walter and Gutknecht (Walter and Gutknecht, 1986) , two orders of magnitude lower than determined in our study with T. pseudonana (vide infra), resulted in an equilibration time of 50 s. This equilibration time is still fast relative to the sample preparation and analysis time ( 5 min). We can therefore assume that cells are in equilibrium with the dissolved phase at all times, including during the NMR experiments and under typical environmental conditions.
Octanol -water partition coefficient
All P m parameterizations require an estimate of the compound's polarity, often expressed as the partition coefficient between water and an organic solvent such as Fig. 3 . Relationship between change in chemical shift difference (Dv) and (A) lifetime (t) and (B) permeability (P m ) of DMS c in T. pseudonana at 300 K. Each point denotes the mean of replicates with a single metal (n ¼ 10), with one standard deviation indicated by an error bar; the standard deviation for some metals was smaller than the symbol diameter. For both panels, the mean value of either t or P m is indicated by the solid line (23 ms and 2.18 cm s 21 , respectively, neglecting Cu 2þ ) and one standard deviation by the dashed lines. The point corresponding to Cu 2þ is indicated as an open symbol. 
1-octanol (K OW )
. The value of K OW determined for DMS (mean + SD, n ¼ 5) at 258C was 18.6 + 1.1 (log K OW ¼ 1.27 + 0.06). In general, K OW is relatively temperature insensitive (Sangster, 1989) , and therefore any change in K OW from 258C to the temperature used for algal growth (278C) is likely insignificant. Only one experimental value for log K OW has been reported for DMS (0.84) (Raska and Toropov, 2006) , and while the value obtained here is higher, Raska and Toropov (Raska and Toropov, 2006) did not publish their experimental methods or an estimate of error for K OW and, thus, it is not possible to determine the validity of their value. A theoretical calculation of K OW based on the aqueous solubility of DMS (0.35 mol kg 21 ) (Przyjazny et al., 1983) by the method of Hansch et al. (Hansch et al., 1968) leads to a value of 15.1 (log K OW ¼ 1.18), which is similar to our experimental value. In comparison to other thioether compounds, log K OW determined for DMS is lower than diethylsulfide (log K OW ¼ 1.95) (Sangster, 1989 ) and thiophene (C 4 H 4 S, log K OW ¼ 1.81) (Sangster, 1989) . Our experimentally determined value of K OW , 18.6, was used for all calculations in this study, including the determination of P m based on empirical models of membrane permeation.
Modeled permeability for DMS
Two models were used to model P m for DMS. The permeability model developed by Walter and Gutknecht (Walter and Gutknecht, 1986) predicted P m as a function of polarity, as determined by K OW . Their model consists of two different linear regions, one for solutes .50 Da and a second for low molecular weight solutes. Since DMS was at the low end and the high end of these two linear models, respectively, P m was calculated using both linear fits. The range of predicted P m for DMS based on the model of Walter and Gutknecht (Walter and Gutknecht, 1986 (Walter and Gutknecht, 1986) to account for molecular volume and membrane filtration effects. Using the parameterization of Xiang and Anderson (Xiang and Anderson, 1994) , and estimating the molecular volume of DMS to be 63.3 Å 3 (Edward, 1970) , the expected permeability of DMS is 11.8 cm s
21
. This P m is substantially higher than either benzoic acid (0.57 cm s 21 at 108 Å 3 ) or butyric acid (0.1 cm s 21 at 89.5 Å 3 ) as reported by Xiang and Anderson (Xiang and Anderson, 1994) , but is what would be expected for a smaller, relatively lipophilic molecule.
P m versus P d
The calculated permeability through the phycosphere assuming a value for x d of 2 mm (0.065 cm s
21
) is substantially smaller than our experimentally determined value of P m of 2.18 cm s 21 or modeled values of P m , which makes P d the principal term in Supplementary Data, Equation (S1), and the limiting factor in the diffusion of DMS out of the cell and into the dissolved phase. From this, we can conclude that DMS loss to the bulk phase is controlled by the transfer through the phycosphere, and DMS may accumulate within the phycosphere to some extent. The thickness of the phycosphere is a function of turbulence and is related to the Sherwood number (Sh ¼ r/x d ) (Kiørboe, 1993) where r is the cell radius. For a cell of radius 2 mm, x d ranges from 1.9-2.0 mm with a corresponding P d of 0.065 cm s
. Only when x d is smaller than about 300 nm does the membrane begin to control DMS flux, corresponding to Sh ¼ 11.7. At the highest turbulence experienced in estuaries, the upper limit for Sh is 1.05 for a 2-mm radius cell (Kiørboe, 1993) , making P d , P m and therefore P is controlled by P d under natural conditions.
Determination of DMS c
Measuring DMS d over time enables an estimation of DMS c according to Equation (4 ) and assuming a spherical cell, the difference between DMS d and DMS c (DDMS) according to Equation (4) is 0.38 + 0.17 pM. This indicates that DMS c and DMS d are essentially equal and very low ( 1 nM) over the course of the experiment, as would be expected if DMS c and DMS d are in rapid equilibrium (Fig. 5) . Similar results were obtained for T. pseudonana (DMS c 0.22 + 0.07 pM above dissolved DMS) and the marine prymnesiophyte I. galbana NCMA 1323 (DMS c 0.20 + 0.03 pM above dissolved DMS, Table II) . If the P m value of 2.18 cm s 21 is used instead of P d in Equation (4), an even smaller concentration gradient is observed ( 6 fM, Table II ). Thus, DDMS is extremely low irrespective of the value of P used to calculate the flux and concentration gradient. This indicates that DMS will easily diffuse from the cell where it is produced into the dissolved phase with very little resistance, and since the phycosphere will limit the flux and therefore ultimately control DMS c , we expect there to be only minor differences in DMS c among DMSP-containing unicellular marine algae.
D I S C U S S I O N
The permeability of small molecules through cell membranes has been studied extensively (Stein, 1986; Walter and Gutknecht, 1986; Xiang and Anderson, 1994) , and P m parameterized using a number of different physical properties including molecular volume (Xiang and Anderson, 1994) and the partition coefficient into various hydrocarbon solvents such as 1-octanol (Walter and Gutknecht, 1986) . Typically, P m falls between 10 22 and 10 27 cm s 21 (Stein, 1986; Walter and Gutknecht, 1986) , although a few molecules lie outside this range including O 2 (42 cm s 21 ) (Subczynski et al., 1992) and the polyol erythritol (6.7 Â 10 29 cm s 21 ) (Stein, 1986) . At 2.18 cm s
21
, the experimentally determined value of P m for DMS in T. pseudonana is at the higher end of reported values of P m in the literature, but is within the range of 0.21-11.8 cm s 21 predicted for DMS by these two membrane permeability models and fits with what is known about the physical properties of membrane permeation.
Our experimentally determined value of P m for DMS is of the same order as has been reported previously for dimethyl sulfoxide (DMSO) from molecular dynamics computational studies (4.1 cm s 21 for DMSO) (Lin et al., 2011) , but is approximately five orders of magnitude higher than has been observed for DMSO in various mammalian cell models (0.24 -7.9 Â 10 25 cm s 21 ) (Elford, 1970; Pfaff et al., 1998; Paynter et al., 1999) . As previously noted, polarity is the primary determinant of P m , and as such it is much more likely that P m for DMSO is at the lower end of this range, and lower than the P m for DMS, given the much higher K OW for DMS (18.6) compared with DMSO (0.0044) (Eisfeld and Maurer, 1999) . Lavoie et al. (Lavoie et al., 2015) developed a model to show that DMSO was present in algal cells at low mM concentrations and that DMSO loss was limited by the cell membrane. Unlike DMSO, DMS does not experience any significant resistance by the cell membrane, and therefore will be lost much faster rate from the cell, leading to the lower cellular concentrations.
Because most of the components of P for DMS are expected to be similar regardless of species, a freshwater alga, Chlorella vulgaris, was used to demonstrate the universality of a high P m for DMS. Chlorella vulgaris and T. pseudonana differ primarily in the components of their cell walls ( polysaccharide versus silica, respectively), and so differences in the observed P m are likely due to these differences. Using the same NMR method, C. vulgaris was found to have a P m of 0.97 + 0.26 cm s 21 (Fig. 7) , which was significantly lower compared with that for T. pseudonana (P , 0.0001, n ¼ 10), but nonetheless still quite high. Diatom frustules have been shown to partially retard diffusion (Bhatta et al., 2009 ), but solutes and small molecules in particular are still permeable through pores. Plant cell walls have pores on the order of 3 nm in Table II : Initial DMS concentration, DMS production and transmembrane difference in concentration (DDMS) in three marine phytoplankton species diameter (Tepfer and Taylor, 1981 ) that significantly restrict the passage of larger solutes, but not smaller ones. Similar filtration functions have been shown for other polysaccharide-containing cell walls (Money, 1990) . We hypothesize that the larger pores present in diatom frustules (1 -1.2 mm) (Bhatta et al., 2009) do not provide sufficient resistance to solute permeation, in contrast to the polysaccharide wall of C. vulgaris, which does somewhat limit the passage of DMS through the wall. These results suggest that permeability through the wall itself can contribute to P and therefore care should be taken to differentiate diffusion across the cell wall from transport across the cell membrane. Measurement of P in a cell without a cell wall such as an animal cell would enable isolation of P m and clarification of cell wall effects. However, as with T. pseudonana, it should be noted that the high membrane permeability for C. vulgaris indicates again that P d will control the efflux of DMS and not the cell membrane or the cell wall, and therefore we expect that DMS c should be quite low (in the low to high nM range) in many marine algae irrespective of taxa or cellular production rates. The relatively high P m for DMS indicates that it will readily efflux from the cell if the cell produces DMS, and therefore it will not accumulate to an appreciable extent in the cytosol. This does not necessarily preclude high concentrations in secretory vesicles (Orellana et al., 2011) , although the partition coefficient for DMS between water and polysaccharide matrices needs to be determined in order to better understand intracellular DMS dynamics and the role of secretory vesicles. Sunda et al. (Sunda et al., 2002) proposed that DMS, together with the related compounds DMSP, acrylate and DMSO comprise an important antioxidant system in DMSP-producing marine algae. This antioxidant capability was predicated based on the high cellular concentrations of these compounds and correspondingly high second-order rate constants for reaction with the OH radical (e.g. k DMS ¼ 1.9 Â 10 10 L mol 21 s
, Buxton et al., 1988) , and thus a short half-life for the OH radical in the cytosol. From their estimate of 1-10 mmol L CV 21 for DMS c , Sunda et al. (Sunda et al. 2002 ) calculated a half-life for the OH radical of 0.9 -36 ns. However, given our estimates for DMS c in DMSP-producing marine phytoplankton without DMSP lyase activity (DLA) ( 0.1 nmol L CV 21 ), DMS will not significantly affect the intracellular OH radical concentration and its role as an antioxidant is unlikely, although the OH radical may still affect DMS c . In the concentration range found here for T. pseudonana ( 1 nmol L CV 21 ), the lifetime of the OH radical is .0.5 s based on its reaction with DMS c . By comparison, the calculated half-life for the OH radical in the cytosol reacting with DMSP is substantially shorter, ranging from 31 to 71 ns at a DMSP c concentration ranging from 32 to 74 mmol L CV 21 in T. pseudonana and k DMSP ¼ 1 Â 10 9 M 21 s 21 for reaction with the OH radical (Spiese, 2010) . Therefore, relative to DMSP, DMS c is not expected to be an important OH radical scavenger in the cytosol, as it cannot effectively outcompete other possible antioxidants (e.g. DMSP). With DMS c present in the nmol L CV 21 range, it is also doubtful that DMS c is sufficiently high to impact the lifetimes of other reactive oxygen species (ROS) present in the cell such as singlet oxygen ( 1 O 2 ) or hydrogen peroxide. In this respect, DMS is likely not an antioxidant itself in the cytosol, but rather may be a by-product of either DMSO reduction (Fuse et al., 1995; Spiese et al., 2009) or non-enzymatic DMSP oxidation (Spiese, 2010) in T. pseudonana or other algae lacking DLA.
Because of its hydrophobicity, however, the concentration of DMS is expected to be higher within cellular membranes. The extent of this concentration enhancement is expected to be proportional to the partition coefficient between the cell membrane and the cytosol. Using K OW as an approximation for this partition coefficient suggests that the concentration of DMS within the membrane may be nearly 20-fold higher than in the cytosol. However, because DMS is on the order of 1 -10 nM in the dissolved phase for T. pseudonana, membrane concentrations will still only reach 200 nM for an algal species with no DLA. This would lead to an insignificant reduction in the lifetime of the OH radical (ms for DMS versus ns overall), but likely not enough to outcompete other membrane-permeable antioxidants (Table III) . Our estimate of each membrane-permeable antioxidant assumes that the total antioxidant content is present in the cell ) and one standard deviation by the dashed lines. The set of metal ions is identical to that used to study T. pseudonana permeability (Table I) (Wilkinson et al., 1995) . However, given the low concentration of DMS in the membrane, it is still unlikely to react sufficiently fast with these ROS, leading to lifetimes of 86 ms and .10 3 days for 1 O 2 and H 2 O 2 , respectively. It is much more likely that these ROS will be scavenged by carotenoids (Table III) . For species expressing DLA and with high DMSP c , there may be a higher membrane DMS concentration, and under this scenario DMS may be an important antioxidant in the cell membrane.
DMS has also been suggested to be either a by-product of an activated chemical defense system (Wolfe et al., 1997) or itself a predation deterrent (Van Alstyne and Houser, 2003) . Van Alstyne and Houser (Van Alstyne and Houser, 2003) showed that sea urchin diets supplemented with very high concentrations of DMS (0.04 -2.0% DMS by weight in an agar-algae mixture) caused reduced consumption of prey. Fredrickson and Strom (Fredrickson and Strom, 2009) suggested that exudation of DMSP into the phycosphere resulted in reduced predation. However, Wolfe et al. (Wolfe et al., 1997) showed that DLA, and not the DMSP concentration, was the principal determinant for reduced predation, suggesting that DMS (or acrylate), and not DMSP, was the compound responsible for the reduction in predation. If DMS is the active compound preventing predation, then the transfer into the phycosphere is critical to determining its effectiveness in species lacking DLA. To evaluate the extent that DMS would accumulate within the phycosphere, an analogy can be made to the DMSP diffusion model of Breckels et al. (Breckels et al., 2010) . Breckels et al. (Breckels et al., 2010) suggested that a slow exudation of DMSP did not sufficiently enhance its concentration in the phycosphere (,3 nM at 3-mm distance) and, therefore, DMSP was likely too low to serve as an effective prey deterrent. Breckels et al. (Breckels et al., 2010) (Breckels et al., 2010) . This indicates that DMS will be present in the phycosphere at a substantially lower concentration compared with DMSP under normal conditions. Wolfe (Wolfe, 2000) modeled a pulse of DMS, which was assumed to permeate the cell membrane rapidly. Our results confirm this fast diffusion across the membrane, and as such do not refute the possibility that DMS could act as an activated defense formed by DMSP cleavage.
Stefels (Stefels, 2000) hypothesized that the production of DMSP may act as an overflow mechanism, allowing the cell to release excess fixed carbon while preserving reduced nitrogen associated with methionine to be recycled for other amino acids. The use of DMSP as an overflow mechanism does not require the production of DMS internally, instead relying on direct exudation of DMSP or the extracellular cleavage to DMS and acrylate and efflux of these compounds into the dissolved phase. This cleavage is proposed to maintain a DMSP gradient and drive the transport of DMSP out of the cell indirectly via DMS and acrylate. Given that previous studies have shown that DLA was not detected in T. pseudonana (Harada, 2007) , it is likely that DMS is not actively produced extracellularly in this species. However, another interpretation is possible, that the internal production of DMS is the key step to removing reduced C from the cell via its diffusion out of the cell, eliminating the need for a DMSP transporter. Due to the relatively high (Burris, 1977) , the DMS efflux is expected to remove 0.0024 -0.0136% of the fixed carbon daily. Thus, a role in C export seems unlikely for this algal species. This is primarily due to the lower concentration difference across the membrane, which prevents efficient removal rates from the cell. It is nonetheless still possible that this means of carbon overflow control may be important for high-DMSP containing and high DLA algal species, which may contain two to three orders of magnitude higher DMS c .
What, then, is the function of DMS in marine algae lacking DLA (and perhaps marine algae containing DLA)? At the community level, DMS may serve as a signaling molecule, attracting secondary consumers in a tritrophic interaction of benefit to the phytoplankton community (Savoca and Nevitt, 2014) . Regulation of DMS production implies that the cell sends a signal to higher trophic levels, whereas unregulated production suggests that consumers have evolved chemoreceptors for DMS in order to find prey. At the level of a single phytoplankton cell, however, it may be that DMS is simply a waste product and serves no real function or serves some other as yet unknown function such as a carbon or reduced sulfur source in an algal-bacterial mutualism (Amin et al., 2009) . Attention therefore should be directed toward examining the role of DMS on the community and ecosystem levels.
C O N C L U S I O N S
Cellular concentrations of DMS were quantified in marine algae for the first time, and concentrations are quite low in the nM range. The extremely low concentrations constrain potential physiological functions DMS might play in marine phytoplankton. Low DMS c precludes its use as either an antioxidant or as part of a carbon overflow mechanism. A role in defense or signaling, however, is still possible. Low DMS c should not be species-specific but should be widely applicable to all DMSP-containing marine algae. This will set limits on potential physiological functions and ecological roles for DMS in the marine environment.
S U P P L E M E N TA RY DATA
Supplementary data can be found online at http://plankt.oxfordjournals.org.
